Summary. Zona cutting and zona drilling of the mouse oocyte significantly increased the fertilization rate (3\m=.\8\p=n-\90%) at low sperm concentrations (<200 000/ml) compared with zona-intact controls (0\p=n-\45%). More 
Introduction
In mammalian reproduction the waste of spermatozoa is substantial. While many millions are deposited at coitus only a few are believed to gain access to the oocyte (Braden & Austin, 1954) . This presumably affords an explanation as to why oligospermic men are subfertile or sterile in natural circumstances.
Intrauterine insemination (Kerin et al., 1984) , in-vitro fertilization (Yovich & Stanger, 1984; Cohen et al., 1985; Diamond et al., 1985) and gamete intra-Fallopian transfer (GIFT) (Corson et al., 1986) have been explored as approaches to correct infertility due to oligospermia but the results are generally disappointing and below those obtained using normal semen. The introduction of a safe technique to reduce the numbers of spermatozoa required for normal fertilization and embryonic development would constitute a major advance and would allow in-vitro fertilization to be successfully applied to many additional infertile couples.
Several techniques of assisted fertilization have been described. Direct microinjection of spermatozoa or sperm nuclei into the cytoplasm of mouse oocytes (Uehara & Yanagimachi, 1976; Thadani, 1982; Markert, 1983) was associated with an unacceptably high rate of damage to the oocytes. Subzonal injection of spermatozoa has also been reported (Metka et al., 1985; Barg et al., 1986; Lassalle et ai, 1987) . The disadvantages associated with this technique include the artificial selection of an individual spermatozoon, the time-consuming skills required for the technique, the low fertilization rate and questions relating to the karyotypic normality of the resulting embryos. Complete removal of the zona pellucida permits a marked reduction of the sperm/oocyte ratio (Thadani, 1982) , but is associated with high rates of polyspermic fertilization. More recently, a micromanipulative technique of weakening of the zona pellucida has been developed in which discrete regions of the zona are dissolved with acidified Tyrode's medium applied through a microneedle. This approach was claimed to show a substantial improvement in the sperm/oocyte ratio without increasing the incidence of polyspermia (Gordon & Talanski, 1986) . The mechanical dis¬ ruption of the zona pellucida by cutting with a microneedle has been utilized for nuclear manipulation (Tsunoda et al., 1986) (Stanger & Quinn, 1982) .
Fertilization and polyspermy were assessed at sperm concentrations ranging from 2 106 to 5 103/ml.
The fertilization dishes and the microdrops for further culture contained bicarbonate-buffered HTF medium and were prepared the day before use and incubated at 37°C in an humidified desiccator through which a constant stream of humidified 5% 02 + 5% C02 + 90% N2 was passed. The desiccator was housed in a 5% C02 in air incubator.
Micromanipulation. Micropipettes were prepared on a De Fonbrune microforge. The cutting needles were pulled on a Brown Flaming P77 pipette puller. Oocytes were micromanipulated in Hepes-HTF medium under oil using a Nikon Diaphot inverted microscope with differential interference-contrast optics and Narishige micromanipulators.
The drilling procedure was carried out as described by Gordon & Talanski (1986) using a 10 pm diameter micropipette. Zona cutting was performed as described by Tsunoda et al. (1986) . After micromanipulation, oocytes were washed in bicarbonate-buffered HTF medium and transferred into the sperm suspension dishes for fertilization. After 5 h the oocytes were washed and transferred to microdrops of Hepes-HTF medium under oil. All incubations were under a gas phase of 5% C02 + 5% 02 + 90% N2 at 37°C. The oocytes were assessed for fertilization 6 h after removal from the sperm suspension using a Nikon inverted microscope with differential interference-contrast optics. The criteria for fertilization included the presence of two polar bodies and at least two pronuclei. An estimate of the sperm concentration required to achieve a 50% fertilization rate in the treatment groups was derived from a log-linear plot of the data presented in Table 1 supplemented with observations made in 4 other experimental groups.
The additional groups were zona-drilled oocytes exposed to 15 000 spermatozoa/ml (148 oocytes, 83 fertilized, 4 polyspermic), zona-cut oocytes exposed to 50 000 spermatozoa/ml (151 oocytes, 93 fertilized, 2 polyspermic), control oocytes exposed to 50 000 spermatozoa/ml (150 oocytes, 65 fertilized, none polyspermic) and control oocytes exposed to 500 000 spermatozoa/ml (145 oocytes, 90 fertilized, 2 polyspermic). The sperm concentrations required to achieve a 50% fertilization rate calculated by this means, including polyspermic embryos, was 2-5 x 105 for controls, 4-6 x 104 for zona-cut oocytes and 1-4 x 104 spermatozoa/ml for zona-drilled oocytes.
Polyspermy
Polyspermy (Table 1) 
Morphological studies
Transmission electron microscopy confirmed the nature of the lesion in the zona created by the drilling and cutting techniques (Figs 1 and 2) . The zona-drilling procedure appeared to create a bigger defect in the zona pellucida compared to zona cutting for which the slit tended to close following removal of the microneedle because of the natural elasticity of the zona (see Fig. 2 ). Zona drilling also caused a thinning of the surrounding zona (Fig. 1) . ( 6100) showing thinning of the zona pellucida around the drilled region.
Development in vitro
Development to the blastocyst stage was not impaired after micromanipulation (Table 2) . No differences were observed in the percentage of treated oocytes which formed blastocysts after fertilization. The zona-drilled blastocysts, however, hatched about 12 h earlier than did the zonacut or zona-intact controls. On the evening of Day 5 the embryos obtained after zona drilling had consistently hatched, while zona-cut and zona-intact controls were still hatching. Hatching was complete in the last two groups by the morning of Day 6. (Fraser & Drury, 1975) than does fertilization in vivo for which only a few spermatozoa gain access to the oocyte to complete fertilization (Braden & Austin, 1954 randomly selected spermatozoa from a sperm suspension are able to fertilize zona-intact (Bavister, 1979) and zona-free oocytes (Thandani, 1982) (Thadani, 1982) . However, removal of the zona is associated with a high incidence of polyspermy (Barros & Yanagimachi, 1971; Fukuda & Chang, 1978) and impairs tubai transport and implantation (Modlinski, 1970) . The micromanipulative techniques of zona drilling and zona cutting significantly improved the fertilization rate compared with zona-intact controls at suboptimal concentrations of spermatozoa. Both techniques are associated with low rates of oocyte loss (< 1% in the zona-cut group). The major proportion of the 4% loss rate after zona drilling was due to extrusion of the oocyte from the disrupted zona pellucida while still retained on the holding pipette at micromanipulation. Less than 0-5% was due to direct lysis of the oocyte.
The finding that zona-drilled embryos had a high fertilization rate and hatched about 12 h earlier than the controls or zona-cut embryos presumably reflects the more substantial impact of zona drilling. In zona-drilled oocytes polyspermy was evident at all sperm concentrations tested, but the rate was not statistically significantly different from that of control oocytes. There appeared to be no advantage in increasing the size of the pipette above 10 µ in diameter as the 20 µ pipettes tested had no discernible effect, either on the rate of fertilization at low sperm concentrations or the rate of polyspermy.
Previous work (Tsunoda & McLaren, 1983) showed reduced implantation of micromanipulated embryos. However, in that study the zona pellucida showed additional damage associated with blastomere removal and the number of blastomeres was changed, which may account for the reduced rate of implantation. No significant reduction in the rate of embryo implantation was present in our study.
Parthenogenetic activation was not observed with either micromanipulative technique, again probably reflecting the minimal damage to the oocyte from these methods.
This study has shown that zona drilling and zona cutting techniques both improve fertilization rates at low sperm concentrations, and that both techniques are compatible with normal embryonic development and are relatively easy to perform. The results encourage the application of these techniques, particularly zona drilling, to human in-vitro fertilization for patients in whom suboptimal semen parameters result in reduced rates of fertilization.
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